Silpanisong J, Kim D, Williams JM, Adeoye OO, Thorpe RB, Pearce WJ. Chronic hypoxia alters fetal cerebrovascular responses to endothelin-1. Am J Physiol Cell Physiol 313: C207-C218, 2017. First published May 31, 2017; doi:10.1152/ajpcell.00241.2016.-In utero hypoxia influences the structure and function of most fetal arteries, including those of the developing cerebral circulation. Whereas the signals that initiate this hypoxic remodeling remain uncertain, these appear to be distinct from the mechanisms that maintain the remodeled vascular state. The present study explores the hypothesis that chronic hypoxia elicits sustained changes in fetal cerebrovascular reactivity to endothelin-1 (ET-1), a potent vascular contractant and mitogen. In fetal lambs, chronic hypoxia (3,820-m altitude for the last 110 days of gestation) had no significant effect on plasma ET-1 levels or ETA receptor density in cerebral arteries but enhanced contractile responses to ET-1 in an ETA-dependent manner. In organ culture (24 h), 10 nM ET-1 increased medial thicknesses less in hypoxic than in normoxic arteries, and these increases were ablated by inhibition of PKC (chelerythrine) in both normoxic and hypoxic arteries but were attenuated by inhibition of CaMKII (KN93) and p38 (SB203580) in normoxic but not hypoxic arteries. As indicated by Ki-67 immunostaining, ET-1 increased medial thicknesses via hypertrophy. Measurements of colocalization between MLCK and SM␣A revealed that organ culture with ET-1 also promoted contractile dedifferentiation in normoxic, but not hypoxic, arteries through mechanisms attenuated by inhibitors of PKC, CaMKII, and p38. These results support the hypothesis that chronic hypoxia elicits sustained changes in fetal cerebrovascular reactivity to ET-1 through pathways dependent upon PKC, CaMKII, and p38 that cause increased ET-1-mediated contractility, decreased ET-1-mediated smooth muscle hypertrophy, and a depressed ability of ET-1 to promote contractile dedifferentiation.
FOR MOST MAMMALS, the final weeks of gestation are a period of rapid change, particularly for the fetal cardiovascular system. This brisk pace of change renders the immature vasculature vulnerable to many stresses common during the perinatal period, including hypoxia, which can be secondary to compromised placental flow, maternal pulmonary disease, diabetes, or drug abuse (32) . Hypoxic stresses, in turn, typically promote vascular remodeling that alters vascular structure and function in the short term (51) and increases the risk of later onset cardiovascular disease in adulthood (75) . Within this context, our previous work has shown that hypoxia modulates fetal vascular structure and function, and that vascular endothelial growth factor (VEGF) is involved in this modulation (1) . In the present study, we examine the possible involvement of another vasotrophic molecule, endothelin-1 (ET-1), which, like VEGF, is also upregulated by hypoxia through the actions of the transcription factor hypoxia-inducible factor-1␣ (HIF-1␣) (30) , as summarized in our recent review of hypoxic cerebrovascular remodeling in the fetal cerebral circulation (56) .
ET-1 is a potent contractant in many arteries (17) and also exerts marked mitogenic effects in both vascular and nonvascular tissues, due in large part to the broad expression of endothelin receptors in many different cell types (17) . ET-1 binds and activates two main G protein-coupled receptors, ETA and ETB, which are responsible for vasoconstriction and vasodilation, respectively (17) . These receptors also can activate multiple signaling pathways, including those involving protein kinase C (PKC) (58) , Ca 2ϩ -calmodulin-dependent protein kinase II (CaMKII) (57, 76) , and p38 MAP kinase (54) . Through these pathways, ET-1 and its receptors influence proliferation in neonatal pulmonary arteries (58) , cardiomyocyte hypertrophy (76) , vascular smooth muscle growth, proliferation, and migration (57) , and many other effects.
To test our hypothesis that chronic hypoxia modulates the influence of ET-1 signaling on the fetal cerebral circulation, we measured by immunoassay the circulating levels of ET-1 in normoxic and chronically hypoxic term fetal lambs. In these two groups, we also measured and compared the abundances of ETA and ETB receptors in fetal cerebral arteries, and the contractile effects of ET-1 in the presence and absence of the ETA antagonist PD-156707. To assay the effects of chronic hypoxia on ET-1 signaling through mitogenic pathways, we studied the effects of organ culture with ET-1 in the presence and absence of chelerythrine (a PKC inhibitor), KN93 (a CaMKII inhibitor), and SB203580 (a p38 MAP kinase inhibitor) in normoxic and hypoxic fetal cerebral arteries. In these organ culture experiments, multiple end points were examined, including the medial thickness within the artery wall, the extent of smooth muscle proliferation as indicated by positive staining for Ki-67, and the organization of contractile proteins as revealed by confocal colocalization between myosin light chain kinase (MLCK) and smooth muscle ␣-actin (SM␣A). Together, these experiments revealed that in the fetal cerebral circulation, ET-1 signaling has multiple important and diverse effects that are discretely modulated by chronic hypoxia.
Supernatant protein contents were quantified with the Bio-Rad DC Protein Assay using BSA as a standard, according to manufacturer's directions. Supernatant from the protein homogenates were then separated by SDS-PAGE on 4 -10% acrylamide gels. Increasing known amounts of common carotid protein homogenates were used as a relative standard. ␤-Mercaptoethanol (150 l) was added to the top reservoir and gels were run at 35-mA constant current. Separated proteins were transferred onto nitrocellulose membranes at a constant 30 V overnight (16 h) in Bjerrum buffer (40 mM Tris, 39 mM glycine, and 0.01% SDS) with 20% methanol at 4°C.
The membranes were blocked with 5% milk in PBS at pH 7.45 (m-PBS) for 1 h at room temperature with gentle agitation. All subsequent incubations and washes were performed with 0.1% Tween-20 in 5% m-PBS (m-PBS-T20). After blocking, membranes were incubated with primary antibodies (anti-ETA at 1 g/ml, Abcam, ab85163; and anti-ETB at 1:2,000, Abcam, ab117529) overnight (16 -18 h ) at 4°C with gentle agitation. Membranes were then washed 5 min for a total of 6 times with m-PBS-T20 before application of secondary antibody (GAR Dylight 800; Pierce Chemical, Rockford, IL, no. 46422) for 90 min. Membranes were again washed 6 ϫ 5 min each in m-PBS-T20 followed by 2 ϫ 5 min in PBS pH 7.45. Membranes were imaged with the LI-COR Bioscience Odyssey System.
Contractility. As previously described (1, 12) , MCAs designated for contractility measurements were mechanically denuded of endothelium with a small tungsten rod and then sectioned into 3-mm segments. The endothelium-denuded fetal MCA segments were mounted onto tungsten wires suspended between isometric force transducers, adjusted to a resting tension of 0.5 g, and equilibrated for 30 min in a Na ϩ -Krebs buffer solution containing (in mM) 122.1 NaCl, 25.6 NaHCO3, 11.1 dextrose, 5.16 KCl, 2.5 MgSO4, 1.60 CaCl2, 0.114 ascorbic acid, 0.1 L-NAME, 0.1 L-NNA, and 0.027 EDTA, all at pH 7.4. The arteries were equilibrated at normal ovine temperature (38°C) and continuously bubbled with 95% O2-5% CO2. Contractions were induced with a K ϩ -Krebs buffer solution containing (in mM) 122.1 KCl, 25.6 NaHCO3, 11.1 dextrose, 5.16 NaCl, 2.5 MgSO4, 1.60 CaCl2, 0.114 ascorbic acid, 0.1 L-NAME, 0.1 L-NNA, and 0.027 EDTA at pH 7.4. Following contraction in K ϩ -Krebs buffer, the arteries were returned to resting conditions in Na ϩ -Krebs buffer.
To confirm endothelial denudation, the MCA segments were incubated in Na ϩ -Krebs buffer with 10 M 8-phenyltheophylline (8-PT) (Sigma-Aldrich, no. P2278) for 20 min at 0.75 g, then contracted with 1 M serotonin hydrochloride (5-HT) (Sigma-Aldrich, no. H9523). The addition of 1 M ADP (Sigma-Aldrich, no. A5285) following 5-HT contraction was used to validate endothelium removal. The 8-PT was present during exposure to ADP to minimize any relaxation due to activation of vascular P1 receptors by adenosine released via ADP degradation. Na ϩ -Krebs buffer without 8-PT was used to wash the arteries and return them to basal resting conditions. The contractile response to K ϩ -Krebs buffer was then recorded once more to fully load all intracellular calcium stores, after which the arteries were returned to basal resting conditions. At this point, 10 nM PD-156707 (Sigma-Aldrich, no. PZ0141), an ETA antagonist, was added to the Na ϩ -Krebs solution and the arteries were incubated in the solution for 30 min. The concentration used (10 nM) was approximately the IC90 concentration based on published results (40) . Control arteries received the same amount of diluent as arteries treated with PD-156707 (0.02% DMSO in 0.02% 100 mM NaOH). A contractile doseresponse relation was then determined for ET-1 (Sigma-Aldrich, no. E7764) starting at 10 Ϫ12 M and increasing in half-log increments to a final concentration of 3.16 ϫ 10 Ϫ7 M. Organ culture. Endothelium-denuded MCA segments were organcultured at pH 7.45 in sterile DMEM (Sigma-Aldrich, no. M56469C) without FBS, to which was added 3.7 g/l of NaHCO3, 0.5% amino acid solution (Sigma-Aldrich, no. M5550), 1% non-essential amino acid solution (Sigma-Aldrich, no. M7145), 4 mM glutamine (Sigma-Aldrich, no. G7513), 2% antibiotic-antimycotic solution (GIBCO, Carlsbad, CA, no. 15240 -096), and 70 g/ml of gentamycin (GIBCO, no. 15750 -060). The artery segments were cultured in untreated 12-well plates and maintained in a humidified incubator with 5% CO 2 in room air at 37°C for 24 h.
After the first 24 h of culture, DMSO was added to all culture wells at 0.01875%, which was the final concentration used to solubilize all inhibitors. Matched sets of five adjacent segments were then treated as follows: 1) starved controls, 2) ET-1 at a physiological concentration of 10 nM, 3) 10 nM ET-1 plus 6.6 M chelerythrine (Santa Cruz Biotechnology, Santa Cruz, CA, SC-3547), 4) 10 nM ET-1 plus 10 M KN93 (Cayman Chemical, San Diego, CA, no. 13319), and 5) 10 nM ET-1 plus 10 M SB203580 (Tocris Bioscience, Bristol, UK, no. 1402). Chelerythrine, KN93, and SB203580 were added to inhibit PKC, CaMKII, and p38 pathways, respectively, at approximately the EC90 concentration for each inhibitor (26, 31, 67) . Owing to the limited availability of only 6 MCA segments from a single fetus, additional animals were used to prepare appropriate negative controls. Arteries were prepared for organ culture as already described, but received the following four treatments: 1) starved controls, 2) 6.6 M chelerythrine, 3) 10 M KN93, and 4) 10 M SB203580.
Fluorescent immunohistochemistry and confocal imaging. As previously described (1), arteries designated for imaging were fixed for 24 h in 4% neutral buffered formaldehyde (Electron Microscopy Sciences, Hatfield, PA, no. 15713S), paraffin embedded, and sectioned at 5 m. Histoclear solution (National Diagnostic, Atlanta, GA, no. HS-200) was used to deparaffinize the slides before rehydration in decreasing concentrations of alcohol. Slides were then incubated in 100 mM glycine in PBS, pH 7.45, for 10 min to decrease background staining, then rinsed with gentle agitation in PBS at pH 7.45 for 5 min. Antigen retrieval was performed by microwave irradiation in citrate buffer at pH 6.03 for 5 min. Following antigen retrieval, the artery sections were washed with gentle agitation in PBS at pH 7.45, 3 times for 5 min each, and then permeabilized. Nonspecific blocking was achieved by exposure to 5% normal goat serum (Pierce Biotechnology, no. 31873) with 1% bovine serum albumin (Santa Cruz Biotechnology, no. SC-2323) and 0.3% Triton X-100 (Sigma-Aldrich, no. T-8787) in PBS at pH 7.45 for 30 min.
Slides carrying the MCA sections were double stained with three marker-pair combinations: 1) polyclonal anti-Ki-67 (Abcam, ab15580) at 1:100 and anti-SM␣A at 1:400; 2) polyclonal anti-MLCK (Santa Cruz Biotechnology, SC-25428) at 1:50 and monoclonal anti-SM␣A (Sigma-Aldrich, no. A5228) at 1:400; and 3) monoclonal anti-MLC 20 (Sigma-Aldrich, no. M4401) at 1:100 and anti-MLCK at 1:50. Slides were incubated in primary antibodies overnight at 4°C in incubation chambers with slight agitation. The following morning the slides were washed in PBS ϩ 0.1% Tween-20 at pH 7.45, 3 times for 5 min each, after which the second antibodies (DyLight 488 conjugate and DyLight 633 conjugate, Pierce Chemical) were applied for 2 h in the dark at room temperature with slight agitation. Slides then were washed in PBS ϩ 0.1% Tween-20 at pH 7.45, 2 times for 5 min each followed by a wash in PBS at pH 7.45 for 5 min and a final rinse in 50% PBS. Finally, mounting medium (SlowFade Gold Antifade Mountant, S36937) was applied and the slides were coverslipped and stored at 4°C in the dark until imaged with the Olympus FV1000 at 200ϫ for wall thickness measurements and at 600ϫ for quantification of colocalization.
Colocalization between markers was determined using a custom nonparametric quadrant analysis that provided a measure of contractile protein colocalization independent of pixel intensity that identified VSM phenotype (1) . The voxel dimensions for this analysis were 146 ϫ 146 ϫ 545 nm for the green channel (488 nm) and 185 ϫ 185 ϫ 693 nm for the red channel (633 nm). For each image, the distribution of pixel intensities was analyzed to determine the numbers of pixels above median intensity for each channel using CoLocalizer Pro version 2.6.1 (Colocalization Research Software). Colocalization of Ki-67 with SM␣A was calculated as the ratio of the number of pixels above median intensity for both Ki-67 and SM␣A, divided by the total number of pixels above median intensity for just SM␣A. Colocalization of MLCK with SM␣A was calculated as the ratio of the number of pixels above median intensity for both MLCK and SM␣A, divided by the total number of pixels above median intensity for just SM␣A. Similarly, colocalization of MLC20 with MLCK was calculated as the ratio of the number of pixels above median intensity for both MLC20 and MLCK divided by the total number of pixels above median intensity for just MLCK.
Data analysis and statistics. All middle cerebral arteries were analyzed in matched sets within each of the main protocols including contractility, Western blotting, and organ culture. For contractility experiments, paired segments were distributed to the control and PD-156707 treatments. Contractile responses to ET-1 were normalized to the corresponding maximal K ϩ -induced contraction, and arteries exhibiting a maximum contractile response to potassium of Ͻ1.5 g, a vasodilator response to ADP of Ͼ15%, or a maximum response to ET-1 Ͻ20% of the maximum response to potassium were excluded from further analysis. Results from duplicate segments from the same animal were averaged and counted as n ϭ 1. Emax and pD2 values from FN and FH MCAs were determined via nonlinear regression.
Each Western blot gel run to analyze ETA and ETB receptor abundances included 5 lanes with known standards that were used to construct a logistic standard curve from which relative abundances were directly calculated. ETA and ETB standards were prepared from endothelium-intact common carotid arteries harvested from nonpregnant adult ewes. For organ cultured arteries, MCAs stained with SM␣A and imaged at 200ϫ were analyzed with ImagePro6 to measure medial wall thicknesses. Colocalization ratios from organ cultured arteries were normalized relative to their corresponding negative controls.
Results obtained for Emax, pD2, relative abundances, medial thicknesses, and colocalization ratios were analyzed using a univariate ANOVA with oxygen (normoxia or hypoxia) and treatment (control, ET, ET ϩ inhibitor, etc.) as factors (SPSS software, version 23). For ANOVA results with at least one significant effect, post hoc comparisons were performed using a least significant difference test. Following elimination of outliers identified using the 2SD rule (SPSS software, version 23), homogeneity of variance and normal distribution were verified for all datasets. Two-group comparisons were analyzed using a Behrens-Fisher test with pooled variance to identify significant differences (P Ͻ 0.05). A minimum observed statistical power of 0.8 was routinely obtained for all nonsignificant differences.
RESULTS
This study used a total of 85 fetal lambs. Of these, 14 normoxic fetuses (FN) and 9 hypoxic fetuses (FH) provided endothelium-intact fetal MCAs for Western blots to quantify ETA and ETB receptor abundances. All other protocols used mechanically denuded fetal MCA segments harvested from 19 FN and 27 FH. Throughout the text, "n" indicates the number of animals used in each experiment, not the number of segments. All values represent mean values Ϯ SE, with statistical significance defined as P Ͻ 0.05.
Effects of chronic hypoxia on ET-1-induced contractions.
The ETA receptor antagonist PD-156707 caused a right shift in ET-1 concentration-response relations in endothelium-denuded MCAs from both FN and FH groups (Fig. 1) . The pD2 values for ET-1 in control normoxic (7.96 Ϯ 0.16, n ϭ 11) and hypoxic (7.97 Ϯ 0.096, n ϭ 7) arteries did not differ significantly, but treatment with PD-156707 significantly decreased pD2 values in both FN (7.44 Ϯ 0.11, n ϭ 7) and FH (7.52 Ϯ 0.09, n ϭ 5) MCAs. These results suggest that ETA receptors mediate the contractile responses to ET-1 in both normoxic and hypoxic fetal MCAs.
The maximum contractile response to ET-1 (Emax) was significantly greater in untreated (control) chronically hypoxic fetal MCAs (98.3 Ϯ 2.4, n ϭ 7) than in normoxic fetal MCAs (85.3 Ϯ 6.2, n ϭ 11). Treatment with PD-156707 significantly decreased Emax values in FH (72.7 Ϯ 9.0, n ϭ 5) but not FN (81.6 Ϯ 2.8, n ϭ 7) MCAs.
Effects of chronic hypoxia on fetal plasma ET-1 levels. In our model, chronic hypoxia during the last 110 days of gestation did not affect circulating ET-1 levels at the end of gestation in ovine fetuses. ET-1 levels in fetal plasma at term did not differ significantly between normoxic (1.04 Ϯ 0.06 pg/ml, n ϭ 14) and hypoxic (1.02 Ϯ 0.07 pg/ml, n ϭ 16) fetuses.
Effects of chronic hypoxia on ETA and ETB abundances. ETA and ETB receptor abundances were calculated relative to levels measured in pooled common carotid arteries from adult nonpregnant ewes. ETA receptor abundances did not differ significantly between normoxic (0.788 Ϯ 0.082, n ϭ 12) and hypoxic (0.852 Ϯ 0.084, n ϭ 9) fetal MCAs (Fig. 2) . In contrast, the relative abundances of ETB receptors were significantly greater in normoxic (0.121 Ϯ 0.027, n ϭ 14) than in hypoxic (0.074 Ϯ 0.005, n ϭ 6) fetal MCAs. In addition, the relative abundances were markedly greater for ETA than for ETB receptors, indicating that in term fetuses ETA receptor levels were much closer to adult carotid values than were ETB receptors.
Effects of chronic hypoxia and ET-1 on medial thicknesses.
Organ culture with 10 nM ET-1 for 24 h significantly increased medial thicknesses, and more so in normoxic (146.0 Ϯ 3.4% compared with starved FN controls, n ϭ 7) than in hypoxic (124.9 Ϯ 7.5% compared with starved FH controls, n ϭ 13)
Fetal Hypoxic fetal MCAs (Fig. 3 ). Arteries treated with both 10 nM ET-1 and 6.6 M chelerythrine exhibited no differences in medial thickness for either normoxic (96.0 Ϯ 14.3% of control, n ϭ 9) or hypoxic (101.8 Ϯ 6.5% of control, n ϭ 14) fetal MCAs, indicating that PKC inhibition blocked the effects of organ culture with ET-1 on medial thicknesses. Arteries treated with both 10 nM ET-1 and 10 M KN93 exhibited medial thicknesses that were significantly less than observed with ET-1 treatment alone for normoxic (110.9 Ϯ 12.5% of control, n ϭ 9) but not for hypoxic (122.4 Ϯ 11.6% of control, n ϭ 12) fetal MCAs, suggesting that CaMKII activity was required for ET-1-induced increases in medial thicknesses in normoxic but not hypoxic arteries. Similarly, arteries treated with both 10 nM ET-1 and 10 M SB203580 exhibited medial thicknesses that were significantly less than observed with ET-1 treatment alone for normoxic (122.8 Ϯ 4.5% of control, n ϭ 7) but not for hypoxic (120.7 Ϯ 7.0% of control, n ϭ 14) fetal MCAs, suggesting that p38 activity also was required for ET-1-induced increases in medial thicknesses in normoxic but not hypoxic arteries.
Effects of chronic hypoxia and ET-1 on smooth muscle proliferation.
To quantify the separate and combined effects of chronic hypoxia and ET-1 on smooth muscle proliferation, we measured the colocalization of Ki-67 with smooth muscle ␣-actin (SM␣A). Given that our previous work has indicated that smooth muscle characteristics differ between inner regions of the medial layer near the lumen and outer regions near the adventitia (12), the colocalization of Ki-67 with SM␣A was measured separately in the inner and outer medial layers of artery wall (Fig. 4) .
In the outer medial layer, organ culture with ET-1 significantly decreased colocalization between Ki-67 and SM␣A in hypoxic (92.2 Ϯ 2.2% of control, n ϭ 12) but not normoxic (99.6 Ϯ 2.4% of control, n ϭ 7) fetal MCAs. Organ culture with both ET-1 and chelerythrine did not alter Ki-67/SM␣A colocalization in normoxic MCAs (101.5 Ϯ 2.9% of control, n ϭ 8) but the hypoxic value (98.5 Ϯ 1.6% of control, n ϭ 12) was significantly greater than observed with ET-1 treatment alone. Organ culture with both ET-1 and KN93 did not alter Ki-67/SM␣A colocalization in either normoxic (94.8 Ϯ 1.9%, n ϭ 8) or hypoxic (93.6 Ϯ 1.5%, n ϭ 11) MCAs when compared with ET-1 treatment alone. Organ culture with both ET-1 and SB203580 significantly decreased Ki-67/SM␣A colocalization in normoxic (93. cantly different from hypoxic values only in arteries cultured with only ET-1.
In the inner medial layer, organ culture with ET-1 significantly decreased colocalization between Ki-67 and SM␣A in hypoxic (91.4 Ϯ 3.2%, n ϭ 10) but not normoxic (99.6 Ϯ 4.7%, n ϭ 9) fetal MCAs. Organ culture with both ET-1 and chelerythrine significantly increased Ki-67/SM␣A colocalization in normoxic (115.8 Ϯ 6.6%, n ϭ 7) and hypoxic (102.
Overall, the effects of ET-1 and chronic hypoxia on Ki-67/ SM␣A colocalization differed markedly in the inner and outer medial layers. Normoxic values were significantly different from hypoxic values for all treatment groups except ET-1 alone in the inner layer, but for no treatment groups except ET-1 alone in the outer layer. In addition, the effects of chelerythrine and SB203580 on responses to ET-1 differed between normoxic and hypoxic arteries only in the outer medial layer.
Effects of chronic hypoxia and ET-1 on contractile protein colocalization. To explore further the interactive effects of chronic hypoxia and ET-1 on cerebrovascular smooth muscle, serial sections of fetal MCAs were double stained for MLC 20 and MLCK, or for MLCK and SM␣A for all treatment groups (Fig. 5) . For colocalization of MLC 20 with MLCK, organ culture with ET-1 did not affect colocalization in either normoxic (94.4 Ϯ 3.5%, n ϭ 8) or hypoxic (95.1 Ϯ 2.9%, n ϭ 13) fetal MCAs. Because there was no significant difference between control and ET-1 treatment, further experiments with kinase inhibitors were irrelevant.
Analysis of the colocalization of MLCK with SM␣A revealed that organ culture with ET-1 significantly depressed colocalization in normoxic (75.1 Ϯ 4.3% of control, n ϭ 9) but not hypoxic (95.6 Ϯ 2.7%, n ϭ 13) fetal MCAs (Fig. 6 ). Organ culture with both ET-1 and chelerythrine significantly increased MLCK/SM␣A colocalization more in normoxic (93.1 Ϯ 2.9%, n ϭ 8) and hypoxic MCAs (103.1 Ϯ 3.3%, n ϭ 13) than with ET-1 treatment alone. Organ culture with both ET-1 and KN93 significantly increased MLCK/SM␣A colocalization in normoxic (89.7 Ϯ 1.4%, n ϭ 6) and hypoxic MCAs (110.5 Ϯ 2.7%, n ϭ 11) compared with ET-1 treatment alone. Similarly, organ culture with both ET-1 and SB203580 significantly increased MLCK/SM␣A colocalization in normoxic (92.5 Ϯ 2.5%, n ϭ 9) and hypoxic MCAs (103.6 Ϯ 2.7%, n ϭ 13) compared with ET-1 treatment alone. Within each of the treatment groups, normoxic values differed significantly from hypoxic values of MLCK/SM␣A colocalization for all treatments.
Together, the results demonstrate that chronic hypoxia significantly altered the influence of ET-1 on contractile protein colocalization. For MLCK/SM␣A colocalization, hypoxia attenuated ET-1-induced decreases in colocalization and increased the extent of colocalization observed following combined treatment with ET-1 and any of the three kinase inhibitors tested.
DISCUSSION
Despite numerous studies of hypoxic vascular remodeling in the cardiac and pulmonary circulations, the effects of hypoxic remodeling on the fetal cerebrovasculature remain poorly un- derstood, particularly in relation to ET-1, a potent vascular growth factor (65) . The present study evaluates the hypothesis that hypoxic remodeling of fetal cerebral arteries alters ET-1 signaling and offers three original findings: 1) chronic hypoxia did not alter ET-1 levels in fetal plasma or ETA receptor abundance in fetal MCAs, but decreased ETB receptor abundance and increased ET-1-induced contractility; 2) chronic hypoxia attenuated the ability of organ culture with ET-1 to stimulate smooth muscle hypertrophy and increase medial thickness through pathways dependent upon PKC, CaMKII, and p38; and 3) chronic hypoxia also attenuated the ability of organ culture with ET-1 to depress colocalization of MLCK with SM␣A via mechanisms dependent upon PKC, CaMKII, and p38 in organ cultured fetal MCAs. Together, these results support the hypothesis that chronic hypoxia modulates the PKC-, CaMKII-, and p38-dependent mechanisms through which ET-1 influences contractile protein organization, wall thickness, and contractility in fetal MCAs. Hypoxic vascular remodeling in the fetus. Intrauterine hypoxia is a common but serious condition that typically results in numerous fetal complications and neonatal morbidities. Hypoxic cardiovascular remodeling during fetal development often causes lifelong consequences that compromise cardiopulmonary function and broadly increases susceptibility to ischemia-reperfusion injury (75) . The mechanisms involved in hypoxic fetal vascular remodeling remain uncertain, but abundant evidence suggests that HIFs, the transcription factors increased by hypoxia that mediate many hypoxic effects, bind to HREs in multiple gene promoters to directly stimulate the release of vascular growth factors such as VEGF (15) and ET-1 (30) that then alter vascular structure and function. An important feature of these responses is that an initial elevation of HIF-1␣ typically falls within a few weeks of hypoxic exposure, despite continued hypoxia (13) . Correspondingly, hypoxia can initially increase VEGF production in the adult mouse brain, after which VEGF later returns to basal normoxic levels despite continued hypoxia (37) . Similarly, previous work from our group has shown that hypoxia causes sustained increases in artery medial wall thickness and VEGF receptor densities in fetal lambs that persist as long as hypoxia continues, even though VEGF levels return to basal normoxic levels (1). Such evidence suggests that hypoxia acts transiently through HIFs to promote the short-term release of vascular growth factors that then produce lasting changes in capillary density, collateralization, and vascular function that together constitute the vascular remodeling response to chronic hypoxia. In this manner, HIF-1␣ can rise transiently but produce long-term changes in the coupling between cell surface receptors and the contractile apparatus on the one hand, and vascular gene expression on the other. These hypoxic changes in endothelin receptor coupling are a focus of the current study.
Evidence from a broad variety of experimental models demonstrates that chronic hypoxia increases the expression of ET-1 (2) and also alters reactivity to ET-1 in many vascular tissues including guinea pig pulmonary arteries (64), rat pulmonary arteries (2, 68) , rat mesenteric arteries (3), and rat carotid body (14) . Due perhaps to differences in the duration and severity of chronic hypoxia, however, other studies report that long-term hypoxia does not yield a lasting increase in circulating ET-1 and may even decrease ETA receptor density in rat thoracic aorta (7). At the individual organism level, chronic hypoxia also can exert selective effects on ET-1, ETA, and ETB expression that vary significantly among different tissues (39) . Together, this evidence emphasizes that the effects of chronic hypoxia on ET-1 are governed by multiple factors that complicate efforts to generalize the effects of chronic hypoxia on ET-1 signaling.
In contrast to VEGF and PDGF, which modulate vascular smooth muscle proliferation and differentiation through activation of tyrosine kinase receptors, other vascular growth factors act through G protein-coupled receptors to exert both acute and chronic effects on vascular smooth muscle structure and function. As for serotonin and norepinephrine (24, 74) , ET-1 also activates G protein-coupled receptors to produce both immediate and potent changes in vascular tone as well as longer-term changes in gene expression that influence wall thickness, smooth muscle phenotype, and contractility (18, 21) . Given the findings that hypoxia can increase ET-1 signaling (30) and that ET-1 can influence smooth muscle structurefunction relations (18) , the present study explored the hypothesis that chronic hypoxia modulates ET-1 signaling in the fetal cerebrovasculature.
Chronic hypoxia increased the maximum response to ET-1 in fetal cerebral arteries. Whereas most previous studies of interactions between chronic hypoxia and ET-1 signaling have focused on the pulmonary circulation, the present study examined the fetal cerebral circulation, which has not been widely studied despite the high clinical frequency of cerebral morbidities associated with fetal hypoxia (66) . Consistent with findings in rat pulmonary (68) , mesenteric (3) and carotid (38) arteries, 110 days of hypoxia in our fetal sheep model increased contractile responses to ET-1 (Fig. 1) . In contrast to lamb pulmonary (27) and rat mesenteric (3) arteries, however, our fetal lamb cerebral arteries did not exhibit any change in sensitivity to ET-1 following hypoxic acclimatization (Fig. 1) , suggesting that the affinity of ET-1 for the ETA receptor(s) probably was not influenced by hypoxia in fetal lamb MCAs.
Hypoxic enhancement of contractile responses to ET-1 was not maintained by increased circulating levels of ET-1 because plasma levels of ET-1 were similar in normoxic and hypoxic fetuses (N: 1.04 Ϯ 0.06; H: 1.02 Ϯ 0.07 pg/ml; see Effects of chronic hypoxia on fetal plasma ET-1 levels). This latter result extends our previous finding that 110 days of chronic hypoxia did not alter circulating levels of VEGF in the fetal lamb (1) and furthers the view that hypoxia produces transient increases in HIFs (13) that drive secondary increases in ET-1 (7, 10) and VEGF (1), which resolve to normoxic levels once hypoxic adaptation is complete, typically within~3 wk (13) . In aggregate, this evidence reinforces the interpretation that hypoxic adaptation produced lasting changes in the structure and function of fetal cerebral arteries, particularly in relation to ET-1 signaling.
Chronic hypoxia did not markedly alter ET-1 receptors in fetal cerebral arteries. Contractile responses to ET-1 in cerebral arteries are most commonly mediated by ETA receptors (44) . Correspondingly, in fetal MCAs, dose-response relations for ET-1 were significantly right-shifted by the ETA antagonist PD-156707 (Fig. 1) . ETA receptor abundances, however, were not significantly affected by chronic hypoxia (Fig. 2) , implying that hypoxic enhancement of contractile responses to ET-1 was not due to increased ETA receptor levels. Instead, chronic hypoxia appears to have altered coupling of ETA receptors to the contractile response, perhaps through enhanced calcium release or elevated myofilament calcium sensitivity as suggested by other studies (4, 35) ; separate experiments will be required to confirm the involvement of these mechanisms. In turn, the absence of an effect of chronic hypoxia on ETA receptors has been reported previously in mouse astrocytes (28) and cat carotid body (52), whereas hypoxia decreased ETA receptors in gravid rat uterus (62) but increased ETA abundances in multiple rat tissues including carotid body (14) , coronary arteries (3), lungs (3, 68) , kidneys (3), and cerebral arteries (59) . This pattern of findings emphasizes that the effects of chronic hypoxia on ETA receptor expression are highly species and tissue specific.
As also reported in rat pulmonary arteries (68) and mouse astrocytes (28) , chronic hypoxia significantly decreased ETB levels in the fetal lamb MCAs (Fig. 2) . In other studies, hypoxia exerted no effect on ETB abundance in a variety of noncerebral rat tissues (3), but increased ETB receptor abundance in cultured hypoxic human pulmonary endothelial cells (34) , cat carotid bodies (52) , and rat cerebral arteries (59) . In fetal lamb MCAs, however, the normoxic and hypoxic abundances of ETB receptors averaged no more than 12% and 7% of the levels found in normoxic adult ovine carotids, respectively. Although hypoxic decreases in ETB receptors, which typically promote cerebral endothelium-dependent vasodilatation (44) , could augment contractile responses to ET-1, the very low abundance of ETB receptors compared with ETA receptors minimized their physiological influence on ET-1-induced contractions. Alternatively, the hypoxic increases in contractile responses to ET-1 observed in fetal lamb MCA were more likely due to hypoxic changes in the coupling between ETA receptors and the contractile apparatus in cerebrovascular smooth muscle.
Chronic hypoxia depressed effects of ET-1 on medial thickness through selective modulation of kinase signaling. Through activation of ETA receptors, ET-1 induces cerebral vasoconstriction via phospholipase C-dependent increases in intracellular Ca 2ϩ (11) and can also potently stimulate DNA synthesis and proliferation in smooth muscle (36) . Many of these intracellular effects of ET-1 depend on protein kinase C (PKC) cascades (11), but Ca 2ϩ -calmodulin-dependent kinase II (CaMKII) (11) and p38 MAP kinase (71) can also contribute, particularly under pathophysiological conditions. In turn, hypoxia can modulate PKC signaling (58), CaMKII signaling (6), and p38 signaling (8) , suggesting that hypoxia could modulate ET-1 signaling through influences on these kinases. In addition, each of these kinases independently can influence smooth muscle proliferation, differentiation, and phenotypic transformation (25, 41, 57) . Together, this evidence motivated the hypothesis tested in this study, namely that chronic hypoxia influences the PKC-, CaMKII-, and p38-dependent mechanisms through which ET-1 modulates contractile protein organization, wall thickness, and contractility in fetal MCAs.
In agreement with previous studies in rat pulmonary arteries (10), organ culture with ET-1 significantly increased medial thicknesses by 46% in normoxic fetal MCAs (Fig. 3) . Treatment with chelerythrine completely eliminated this effect, and treatment with KN93 and SB203580 significantly attenuated the thickness responses to ET-1 by 76% and 51%, respectively. In contrast, organ culture of hypoxic fetal MCAs with ET-1 significantly increased medial thicknesses by only 25%, which was significantly less than observed in normoxic arteries. In hypoxic fetal MCAs, treatment with chelerythrine again completely eliminated the response of thickness to ET-1, but neither KN93 nor SB203580 exhibited any significant effect. This pattern of results demonstrated that the influence of ET-1 on medial thickness was completely dependent on PKC in both normoxic and hypoxic fetal MCAs, and that CaMKII and p38 significantly contributed to this thickness response in normoxic, but not hypoxic arteries. This finding raises the possibility that hypoxic elimination of contributions from CaMKII and p38 may help explain the reduced magnitude of response to ET-1 in hypoxic arteries; further experiments will be needed to explore this idea. Nonetheless, the data clearly demonstrate that chronic hypoxia attenuated the roles of CaMKII and p38 in coupling between ET-1 and expansion of medial thickness.
An important feature of the thickness measurements summarized in Fig. 3 was that these were restricted to the medial layer of the fetal MCAs. Numerous studies established years ago that hypoxia can increase total wall thickness, but adventitial expansion accounted for much of this increase (23, 45) . The present focus on the medial layer enabled assessment of the relative effects of hypoxia on smooth muscle hypertrophy and hyperplasia, which has been a recurrent topic in studies of hypoxic increases in wall thickness (47) . To assess hyperplasia, we measured immunoreactivity to Ki-67, an established marker of proliferation (53) . To ensure that we measured Ki-67 levels only in smooth muscle cells, we quantified colocalization between Ki-67 and SM␣A, a known cytoplasmic marker of smooth muscle (72) . In light of our previous work demonstrating a gradient in smooth muscle differentiation between the adventitial and luminal boundaries of the medial layer (12), we quantified Ki-67-SM␣A colocalization in both boundary regions (Fig. 4) . Using this approach, ET-1 did not increase colocalization of Ki-67 with SM␣A in either region, but instead decreased this colocalization, and presumably proliferation. These results suggest that ET-1-induced increases in medial thickness did not involve increased proliferation and instead were mediated by hypertrophy and not hyperplasia. As such, these results were consistent with previous reports that ET-1 can induce a nonproliferative, hypertrophic response in both vascular (19) and nonvascular (22) tissues. More importantly, in the present study, ET-1 significantly decreased apparent proliferation in both the luminal and adventitial boundary regions, but only in hypoxic arteries, again suggesting that hypoxia altered coupling between ET-1 receptors and the intracellular pathways governing hyperplasia.
To explore how hypoxia might alter the effects of ET-1 on smooth muscle proliferation, we assayed the effects of our kinase inhibitors on ET-1-induced changes in Ki-67/SM␣A colocalization. In the outer medial layer near the adventitia, apparent proliferation in the presence of ET-1 was influenced only by SB203580 (p38 inhibitor) in normoxic arteries, but was affected only by chelerythrine (PKC inhibitor) in hypoxic arteries. Owing to the small magnitudes of these effects, it is unlikely they were physiologically significant. In the inner medial layer, however, apparent proliferation in the presence of ET-1 was affected only by chelerythrine in both normoxic and hypoxic arteries. Together, these results suggest that hypoxia converted a small (6 Ϯ 2%) pro-proliferative effect of p38 into a small (6 Ϯ 2%) antiproliferative effect of PKC in the outer medial layer; these changes were at best of minor physiological significance. In the inner medial layer, however, hypoxia reduced the magnitude of an antiproliferative effect of PKC from 16 Ϯ 3% (normoxic) to 11 Ϯ 3% (hypoxic). This pattern emphasizes that the (anti)proliferative effects of ET-1 are not only artery specific, but also vary among different regions of the same artery as previously shown for VEGF (12) . These results also imply that the previously reported antiproliferative effects of PKC (16) are largely responsible for the antiproliferative effects of ET-1, and that the magnitude of these effects are modulated by hypoxia in fetal cerebral arteries.
Chronic hypoxia depressed effects of ET-1 on MLCK organization through selective modulation of kinase signaling. One mechanism whereby chronic hypoxia could modulate the ability of ET-1 to elicit contraction and smooth muscle hypertrophy would be to alter the phenotype of smooth muscle in fetal cerebral arteries. A broad variety of evidence, including findings in fetal lamb carotid arteries (1) , has demonstrated that chronic hypoxia can modulate smooth muscle differentiation and phenotype (60) . In turn, such changes can dramatically alter contractile reactivity and phenotypic responses to numerous receptor agonists and growth factors (60) . To assess the extent to which chronic hypoxia influenced the ability of ET-1 to elicit changes in smooth muscle differentiation and phenotype, we measured markers for the contractile phenotype of smooth muscle. First, we examined ET-1-induced changes in MLC 20 /MLCK colocalization. MLC 20 is a component of thick filaments and is typically tightly attached to the cross-bridges of myosin heavy chains (20) . Similarly, MLCK is also typically tightly associated with the myosin molecules in thick filaments (29) . Due to the nature of this organization, MLC 20 / MLCK colocalization is not highly dynamic and is closely associated with contractile capacity. Correspondingly, organ culture with 10 nM ET-1 did not change MLC 20 /MLCK colocalization in either normoxic or hypoxic arteries, indicating that ET-1 did not influence this phenotypic marker.
Previous work from multiple laboratories (9), including our own (1), has shown that the extent of colocalization between MLCK, the rate-limiting enzyme for contraction, and SM␣A, the main component of the smooth muscle cytoskeleton, is a reliable marker for the contractile phenotype of smooth muscle. In contrast to MLC 20 , SM␣A can have a highly variable association with MLCK, depending on smooth muscle phenotype. In fetal cerebral arteries, organ culture with a physiological concentration of ET-1 (10 nM) significantly depressed MLCK/SM␣A colocalization, suggesting attenuated contractility, in normoxic but not hypoxic arteries (Fig. 6) . In light of observations that ET-1 can signal through PKC (11), CaMKII (22, 57) , and p38 (71) to modulate phenotype and contractile protein organization, we examined the effects of inhibitors of these kinases on phenotypic responses to ET-1. Coculture of ET-1 with chelerythrine, KN93, or SB203580 all attenuated ET-1-induced decreases in MLCK/SM␣A colocalization in normoxic arteries, indicating that PKC (18 Ϯ 3%), CaMKII (15 Ϯ 1%), and p38 (17 Ϯ 3%) all contributed to ET-1-induced contractile dedifferentiation. In hypoxic arteries, inhibitors of all three kinases also significantly increased MLCK/ SM␣A colocalization compared with culture with ET-1 alone, again indicating that PKC (8 Ϯ 3%), CaMKII (15 Ϯ 3%), and p38 (8 Ϯ 3%) all exerted a modest influence toward contractile dedifferentiation, even in hypoxic arteries. Following treatment with each of the three kinase inhibitors, the extent of MLCK/ SM␣A colocalization was greater in hypoxic than in normoxic arteries, again suggesting that hypoxia attenuated the ability of ET-1 to influence smooth muscle phenotype through PKC, CaMKII, and p38.
Overview. The combined results extend previous observations that chronic hypoxia modulates the phenotype of vascular smooth muscle. In contrast to adult arteries, in which structure, contractility, and smooth muscle phenotype are relatively stable, fetal arteries are highly dynamic and undergo near-continuous changes in stiffness (48) , calcium handling (42), endothelial function (70) , and many other characteristics (49) . Importantly, these vascular changes occur simultaneously with age-related increases in cerebral perfusion, oxygen consumption, and sensitivity to hypoxia (61) , reinforcing the view that functional demands and regulatory mechanisms are very different in fetal and adult cerebral arteries, particularly with respect to the modulating influences of hypoxia. In freshly dissected fetal cerebral arteries, the effects of chronic hypoxia did not appear to involve changes in ETA abundance but decreased ETB abundance by 40%. Despite these changes, contractile responses to ET-1 were enhanced in fetal cerebral arteries in an ETA-dependent manner, suggesting that coupling between the ETA receptor and the contractile apparatus was enhanced by chronic hypoxia. In organ culture, ET-1-induced increases in medial thicknesses were depressed by chronic hypoxia. These changes were dependent on PKC, CaMKII, and p38 in normoxic arteries, but only upon PKC in hypoxic arteries. Estimates of proliferation based on Ki-67 colocalization with SM␣A revealed that ET-1 increased medial thickness through hypertrophy and not hyperplasia in a PKC-dependent manner in both normoxic and hypoxic arteries. Chronic hypoxia ablated the ability of ET-1 to depress colocalization of MLCK with SM␣A, a marker for the contractile phenotype of smooth muscle. In both normoxic and hypoxic arteries, inhibition of PKC, CaMKII, and p38 all increased colocalization of MLCK with SM␣A, suggesting that each of these kinases exerted a tonic influence toward contractile dedifferentiation in both normoxic and hypoxic arteries. Overall, this pattern of results demonstrates that many of the effects of ET-1 are mediated through PKC to a varying degree in normoxic and hypoxic fetal cerebral arteries. In contrast, CaMKII and p38 help mediate ET-1's effects on medial hypertrophy in normoxic but not hypoxic arteries. These kinases, along with PKC, variably promote contractile dedifferentiation in both normoxic and hypoxic arteries. Although the abundance of ETA receptors was far greater than for ETB receptors in both normoxic and hypoxic arteries, it remains possible that both receptor types contributed to the observed responses. Equally important, it remains possible that hypoxic attenuation of the roles of PKC, CaMKII, and p38 in ET-1 signaling were generalized to all pathways dependent on these kinases and were not exclusive to ET-1 signaling. It also remains possible that the observed cerebrovascular effects of hypoxia on intracellular kinases may affect smooth muscle migration in a manner similar to that demonstrated in pulmonary arteries (73) ; further experiments will be needed to evaluate this important possibility. Owing to the instability of the contractile phenotype in cultured smooth muscle (46) , ideally such measurements would be conducted in vivo using either genetic labeling or cell fate measurements (63) , which have yet to be attempted in a large animal model.
Given that chronic hypoxia decreased fetal arterial oxygen tension by only~4 Torr, but elicited major changes in fetal artery contractility and kinase signaling, the present results emphasize that the fetal cerebral vasculature is exquisitely sensitive to chronic hypoxia. Maternal mechanisms probably also contribute (43) , but the net result is that chronic hypoxia can significantly alter the structure, function, and reactivity of fetal cerebral arteries. In that context, the present results clearly demonstrate that chronic hypoxia significantly influenced ET-1 signaling in fetal cerebral arteries, as indicated by hypoxia's ability to increase ET-1-mediated contractility, decrease ET-1-mediated smooth muscle hypertrophy, and depress ET-1's ability to promote contractile dedifferentiation. In turn, these results demonstrate that hypoxia can act not only through classical receptor tyrosine kinase-dependent pathways (e.g., VEGF and PDGF) to modulate smooth muscle phenotype, structure, and function, but can also modulate signaling through G protein-coupled receptors to produce many of the same effects. The extents to which hypoxia achieves these effects through direct action on smooth muscle, as opposed to indirect and whole body effects on cardiac output, arterial pressure, and cerebral perfusion, remain uncertain. Nonetheless, the present results clearly suggest that chronic hypoxia modulates ET-1 signaling, and the effects of ET-1 on structure and function, in fetal cerebral arteries. 
